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Figure S2. Chromatographic peak (left) and standard curve (right) for pure hydrogen
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Figure S4. (a) Chromatographic peaks for pure methanol (2.2 min) and ethanol (2.4
min), as well as standard curves for methanol (b) and ethanol (c) established on

PEG-20M column for GC analysis (n-propanol as internal standard).
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Figure S5. Chromatographic peaks (a) and standard curve (b) for COOH™ established

on high-end ion chromatography.
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Figure S6. IR spectra for PCN-222(Fe) and Fe-TCPP.
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Figure S7. Normalized UV-vis spectra of pure TCPP-Fe and PCN-222(Fe) in CH,Cl,
which show a Soret band at 444 nm.
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Figure S8. CVs of PCN-222 (Fe)/C in CO;-saturated electrolyte. Insert shows the

total charge integrated from the Fe""" reduction wave (I"= 1.622x10"* mol cm?).

Calculation of the surface concentration of electrochemically active PCN-222(Fe) sites.

Integration of the peak area under the F e

reduction wave leads to the charge that passed to
reduce Fe(Ill) to Fe(Il), Ocy= 0.00313 C. The surface concentration, I, is calculated using the
following equation: I'= Qcy/nFA (1). Here, n is the number electrons transferred for the redox
couple (n=1), F is the Faraday constant, and A4 is the surface area of the electrode. It gives surface
concentration of electroactive PCN-222(Fe): I=1.622x10"* mol cm .

The amount of surface-active PCN-222 (Fe) sites is calculated by assuming a one-electron
redox process: n = Q/F =3.2x10"° mol.

The total amount of PCN-222 (Fe) is calculated as follows: nmml:m/MIZ.O/257l.5:7.8><10_7
mol.

Then, the surface fraction of electrochemically active PCN-222 (Fe) sites is determined as
follows:

X = n/nyi=4.17%
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Table S1. Performance of a selection of existing electrocatalysts

TOF/ r=107%
Potential J /mA FE TOF/
Catalyst Electrolyte Product ) molecules L mol Ref
[overpotential]/V cm™ % _— s~ 2
-site” -s” cm
0.014
1.15 91 0.336™ ;
PCN-222(Fe) 0.5 M KHCO CcO ~000 Vs RHE - 1.622 e
- e . .
’ [0.494] W | 0012 work
80.4 0.286 i
FeTDHPP
—1.16 V vs NHE (1)
DMF+2 M H,0 CcO 0.31 94 nr 11 nr
[0.47]
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[0.48]
CO —0.676 V vs RHE ~1 10 n.r n.r.
nr
M2
0.5 M NaHCO, CH, 0.976 V vs RHE 13.2 27 43 )
C,H, | —0.976 V vs RHE ~8.4 17 1.8M2 nr
-1.15 Vvs SCE 17 (6)
Co-TPP-CNT 0.5 M KHCO;, CO [0.35] 0.59 83 n.r n.r.
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~1.16 V vs RHE
CH,4 4.4 27 n.r n.r.
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< .:'cd“‘H> CH,4 2.8 15 n.r n.r.
. [1.14]
L
2cr
COF-366-Co
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co 1.8 90 | 0.69 o 1 (11)
KHCO; [0.55]
COF-366-M
[AL(OH),TCPP-Co]MOF
(TCPP-Co)
il 0 ~0.7 Vvs RHE -
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M1-MS: different methods for calculating the TOF, as illustrated in the following context.

About the calculation of the turnover number (TON) and turnover frequency (TOF) in the

heterogeneous catalysis:

Method 1:

TON is defined as the total moles of carbon product formed (n,,4) divided by total moles of
catalyst employed in the electrolysis (71¢a): TON = Rprod/Micat (2)

TOF is defined as TON per unit time: TOF = TON/t= npoa/(nca) (3), where ¢ is the electrolysis
time.""

We use this method for evaluating the catalysts in this work.

Method 2:

The electrochemical double-layer (EDL) capacitance can be calculated by the equation below:
C=i/v (4), where i is the current (mA) and v is the scan rate (mV s1). The EDL capacitance, based
on the CV measurements in the CO, saturated solution, could be derived from the slope of the
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linear regression in the current-scan rate plot. TOF can be calculated by the equation: TOF= j/nem
= kj/nCV (5), where j is the partial current (mA) resulting from CO production, 7 is the number of
electrons transferred to produce one CO molecule (7=2), e is the elementary charge (1.602x10™"”
C), m is the actual number of the exposed catalyst molecules, k£ is the number of elementary
charges adsorbed on each molecule, C is the EDL capacitance (mF) and V is the potential window
(V) of the CV measurements. Assuming one exposed catalyst molecule contributes to the EDL
capacitance by adsorbing one elementary charge (e.g. a K' ion), we have k=1 and the TOFs for
CO,-to-CO conversion can be calculated.’

Method 3:

TOF is defined as the mole of reduction product generated per electrocatalytic active site per
unit time. Assuming that all catalyst sites are involved in the CO, reduction reaction
electrocatalysis:

TOF = jio X FEco/2F%ny (6)

In reality, only surface catalyst sites are involved in CO, reduction reaction electrocatalysis.
The corrected TOF is defined as follows: TOF omected=TOF/f (7), where f'is the surface fraction of
electrochemically active catalyst sites (f=n/ny).

TON is defined as the mole of reduction product generated per electrocatalytic active site over a
given period of time.

TON = OXFEcoaveragey 2F %101 (8), where Q is the total reduction charge pass during the bulk
electrocatalysis, and FEcoverage) 1S the estimated average CO faradaic efficiency during the bulk
electrocatalysis.”

When normalized to the number of electrocatalytically active catalyst sites on the surface:
TONorrectea=TON/f(9).

Method 4:
To calculate the TOF for the CuPc catalyst, the number of surface sites was estimated based on the
size and geometry of the metallic Cu clusters using the equation below:

N
4= MN = M4

VICuPe

(10)

where u denotes the number of surface sites, M denotes the percentage of surface Cu atoms in a
Cu clusters, N denotes the total number of Cu atoms in all the Cu clusters on the electrode, a
denotes the percentage of CuPc molecules that have restructured to Cu clusters, m denotes the
original mass loading of CuPc (60 ug cm™), N4 denotes the Avogadro constant, and Mcyp. denotes
the molecular mass of CuPc( 576.07 g mol™). Here, a=80% based on the XAS results. Consider
that the Cu clusters are 2 nm cuboctahedra containing 162 surface Cu atoms and a total of 309 Cu
atoms, M=0.524. Consequently, 4=2.63x10"° sites per cm’. TOF was clculated using the equation
below:
TOF = -
e 11

where j is the partial current density for CH4 formation, n is the number of electrons needed to
reduce on CO, molecule to CHy, and 3 is the elementary charge. j, n, and e are 13 mA cm'l, 8, and

S-10



1.602x10'° C, respectively. Therefore, the TOF of CH, for the CuPc catalyst at —1.06 V vs RHE is

0.39 molecules sites™ s.'°

Method 5:

Foot of the wave analysis allows the use of meausred CVs of catalytic reactions in order to
determine TOF and TON, regardless of any side-effects such as substrate consuption, which may
interfere with the obtained results at high current densities. We could extract TOF vs 5 Tafel plots
for a specific homogeneous molecular catalyst.

A second order catalytic reaction rate (k) could be calculated using the following relation:
2.24\,"%21\-6,;(,_,

i

0 F
b 1+ explﬁ(f = Ere1y0)]

(12)
where i is the catalytic current under CO, at a given applied potential E, ipo is the current under N,
at the catalyst formal potential Eg. 10 R is gas constant, T is temperature, F is Faraday constant,
and v is CV scan rate. Ccq is 0.23 M in DMF.

) —=vs 1/1 + exp[#([:‘ — Erer/0)] . . .
By plotting ’ , and fitting the early linear portion of the curve,
one can calculate k& from the curve’s slope.

Then, TOF for each overpotential, 7, could be obtained using:

2k
TOF = 3
1+ exp [FT(E{:UZ,:(:() = Erer70 —1)]
(13)
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Figure S9. CVs of bare CP electrode, carbon black loaded on CP electrode and
PCN-222 (Fe)/C loaded on CP in CO,-saturated electrolyte in the potential range
—1.4~1.2 V vs RHE.
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Figure S10. CVs of precursor of Fe-TCCP ligand (I" = 2.89x10° mol ¢cm %), and
PCN-222 (Fe)/C loaded on CP in CO,-saturated electrolyte in the potential range
—0.5~0.8 V vs RHE.

The amount of surface-active Fe-TCPP sites is calculated by assuming a one-electron redox
process: n = Q/F =5.78x10"" mol.

The total amount of Fe-TCPP is calculated as follows: nmtal:m/MZO.67/844.6:7.9><10_7 mol.

Then, the surface fraction of electrochemically active PCN-222(Fe) sites is determined as
follows:

X = n/nyeai=0.73%
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Table S2. Summary of the chronoamperograms experiment parameters

vs Ag/AgCl -1.085 -1.135 -1.185 -1.235 -1.285 -1.385 -1.485
vs RHE/V -0.45 -0.50 -0.55 —0.60 -0.65 -0.75 -0.85
n/mV 344 394 444 494 544 644 744
Current
) R 0.23 0.46 0.71 1.15 2.330 3.46 4.08
density/mAcm
0/C 3.35 6.63 10.15 16.60 33.55 49.77 58.80
X% 0.02 0.04 0.06 0.20 0.40 2.0 6.01
FE,% 4.70 4.75 4.65 9.48 11.27 38.01 80.49
Xco% 0.32 0.69 1.16 1.92 3.52 3.4 1.04
FEco% 75.26 82.46 89.84 91.23 82.54 53.81 13.93
Creotfppm 0.198 0.394 0.509 0.192 0.50 1.57 0.986
FE y.on% 6.42 6.45 5.45 1.26 1.62 3.44 1.82
Crotppm 0.224 0.269 0.136 0.116 1.21 1.67 1.52
FEzon% 10.12 6.14 2.03 1.06 5.45 5.07 3.92
FE o/ %o 96.50 99.80 101.97 103.03 100.88 100.33 100.16
nco/mol 1.3¥107° | 2.82%107° | 4.73*10° | 7.84*10° | 1.43*10™* | 1.39*10™ | 4.25%107°
TON 16.7 36.2 60.6 100.7 183 178 54.4
(nco/npcn222)
TON orrected PET 400 858 1453 2414 4388 4268 1304
site
TOF/h-! 8.35 18.1 30.3 50.4 91.5 89 27.2
TOF/s! 0.0023 0.0050 0.0084 0.0140 0.0254 0.0247 0.0075
TOF corrected/ 0.055 0.120 0.201 0.336 0.609 0.592 0.180
site -5
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Table S3. List of the chronoamperograms experiment parameters for

different PCN-222(Fe): C ratios

catalysts with

PCN-222(Fe): C 1:3 1:2 1:1 2:1 3:1
FEu% 25.5 9.48 292 27.7 43.6
FEco% 82.5 91.2 64.6 69.5 529
Xeo% 1.94 1.92 1.29 1.20 0.69
neo/mol 7.92x10°  7.84x107°  5.27x10°  4.90x10°  2.82x10°°

Q/C 18.49 16.6 15.7 13.65 10.29
Jj/mA cm™ 1.28 1.15 1.09 0.94 0.71
Qcv/C 0.00026 0.00313 0.00070 0.00033 0.00030
I/mol cm™ 1.34x10°  1.62x10°  3.60x10°  1.72x10°  1.54x10”°
Ractive pen222y/mol 2.68x10°7  324x10°  7.20x10°  3.44x10°  3.08x10”
Hpenaa/mol 5.83x107 778107 1.16x10°  1.56x10°  1.75x10°°
A(Mactivel Miotal) 0.46% 4.17% 0.62% 0.22% 0.18%
TON(100/pen22) 135.8 100.7 454 314 16.1
TON orrectea/Site ' 29521 2414 7322 14272 8944
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Figure S13. SEM images of the PCN-222(Fe)/C composite electrode before and after
electrolysis in a side view (a) and top-view (b, c), respectively.
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Figure S14. Fe2p core level spectra for as-synthesized PCN-222(Fe) and
PCN-222(Fe)/C electrode loaded on carbon paper before and after electrolysis at —
0.60 V vs RHE for 2 h.
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Figure S15. CI2p core level spectra for as-synthesized PCN-222(Fe) and
PCN-222(Fe)/C electrode loaded on carbon paper before and after electrolysis at —
0.60 V vs RHE for 2 h.
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Figure S16. Cls core level spectra for as-synthesized PCN-222(Fe) and

PCN-222(Fe)/C electrode loaded on carbon paper before and after electrolysis at —
0.60 V vs RHE for 2 h.
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Figure S17. Nls core level spectra for as-synthesized PCN-222(Fe) and

PCN-222(Fe)/C electrode loaded on carbon paper before and after electrolysis at —
0.60 V vs RHE for 2 h.
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